Flow-mediated dilation (FMD) has become a commonly applied approach for the assessment of vascular function and health, but methods used to calculate FMD differ between studies. For example, the baseline diameter used as a benchmark is sometimes assessed before cuff inflation, whereas others use the diameter during cuff inflation. Therefore, we compared the brachial artery diameter before and during cuff inflation and calculated the resulting FMD in healthy children (n ϭ 45; 10 Ϯ 1 yr), adults (n ϭ 31; 28 Ϯ 6 yr), and older subjects (n ϭ 22; 58 Ϯ 5 yr). Brachial artery FMD was examined after 5 min of distal ischemia. Diameter was determined from either 30 s before cuff inflation or from the last 30 s during cuff inflation. Edge detection and wall tracking of high resolution B-mode arterial ultrasound images was used to calculate conduit artery diameter. Brachial artery diameter during cuff inflation was significantly larger than before inflation in children (P ϭ 0.02) and adults (P Ͻ 0.001) but not in older subjects (P ϭ 0.59). Accordingly, FMD values significantly differed in children (11.2 Ϯ 5.1% vs. 9.4 Ϯ 5.2%; P ϭ 0.02) and adults (7.3 Ϯ 3.2% vs. 4.6 Ϯ 3.3%; P Ͻ 0.001) but not in older subjects (6.3 Ϯ 3.4% vs. 6.0 Ϯ 4.2%; P ϭ 0.77). When the diameter before cuff inflation was used, an age-dependent decline was evident in FMD, whereas FMD calculated using the diameter during inflation was associated with higher FMD values in older than younger adults. In summary, the inflation of the cuff significantly increases brachial artery diameter, which results in a lower FMD response. This effect was found to be age dependent, which emphasizes the importance of using appropriate methodology to calculate the FMD. methodology FLOW-MEDIATED DILATION (FMD) describes the vasodilatation of a conduit artery following an increase in shear stress, typically induced by a 5-min period of ischemia induced by a limb cuff placed distal to the recording probe (3). With the assumption that appropriate methodology is utilized (12, 36), the FMD response is largely nitric oxide (NO) mediated (13, 19) and provides information about the integrity of the endothelium (38). Since impaired endothelial vasodilator function is considered an early and integral manifestation of vascular disease, which predicts cardiovascular events (10, 14, 18, 20, 25) , the FMD approach has become a popular and frequently applied technique in clinical and physiological research.
FLOW-MEDIATED DILATION (FMD) describes the vasodilatation of a conduit artery following an increase in shear stress, typically induced by a 5-min period of ischemia induced by a limb cuff placed distal to the recording probe (3) . With the assumption that appropriate methodology is utilized (12, 36) , the FMD response is largely nitric oxide (NO) mediated (13, 19) and provides information about the integrity of the endothelium (38) . Since impaired endothelial vasodilator function is considered an early and integral manifestation of vascular disease, which predicts cardiovascular events (10, 14, 18, 20, 25) , the FMD approach has become a popular and frequently applied technique in clinical and physiological research.
FMD results depend critically upon the methodology used to assess and analyze vascular images. For example, several important issues relating to stimulus magnitude were recently outlined (30) , and the time course of the response is also a critical consideration that impacts upon data interpretation (2) . One important methodological issue that has not been critically examined relates to the baseline diameter selected for calculation of the FMD.
There are two commonly applied approaches used to assess baseline diameter, which differ according to whether measurements are collected before or during distal cuff inflation. In the classic studies, which introduced the technique (3), resting diameter preceding cuff inflation was used. This remains the most frequently applied method adopted in the literature (2, 21, 22, 34, 37) . In contrast, some investigators assess baseline diameter from data collected while the adjacent occluding cuff is inflated (7, 23, 24, 28, 29) . The latter approach is based on the assumption that the diameter immediately preceding cuff deflation more accurately reflects the starting point from which dilation occurs. However, it is also possible that tissue displacement, imaging artifact, or pressure changes (16) induced by cuff inflation may modify the resting diameter. The aim of this study was therefore to examine the impact of these two commonly utilized methods for the assessment of baseline diameter on the brachial artery diameter and, consequently, on calculating FMD responses in healthy young and older humans. We hypothesize that the inflation of the cuff would not impact upon baseline brachial artery or FMD responses.
METHODS

Subjects.
Healthy volunteers (n ϭ 98) were recruited from the community and were stratified based on age into three different groups: children (n ϭ 45; 9 to 10 yr), adults (n ϭ 31; 20 -41 yr), and older subjects (n ϭ 22; 50 -67 yr; Table 1 ). All subjects were nonsmokers and normotensive (Ͻ140/90 mmHg), and none had any history of diabetes, insulin resistance, or cardiovascular disease. None of the subjects used any medications. The Ethics Committee of the Liverpool John Moores University approved the study protocols, which adhered to the Declaration of Helsinki, and all subjects gave written informed consent.
Experimental design. After patients reported to the laboratory, the brachial artery FMD response was measured after a resting period of at least 20 min. All measures were performed under standardized conditions in a quiet, temperature-controlled room and after at least 6 h of fast and at least 8 h of abstinence from caffeine or alcohol. No subject performed strenuous physical activity for at least 24 h before testing.
Brachial artery FMD. Patients rested supine with the right arm extended and immobilized with foam, supported at an angle of ϳ80°f rom the torso. Heart rate and mean arterial pressure were determined from an automated sphygmomanometer (Dinamap; GE Pro 300V2; Tampa, FL) on the contralateral arm. For the assessment of the FMD response, a rapid inflation/deflation pneumatic cuff was positioned on the imaged arm distal to the olecranon process to provide a stimulus to forearm ischemia. A 7.5 (Aspen; Acuson, Mountain View, CA) or 10 MHz (T3000; Terason, Aloka, UK) multifrequency linear array probe attached to a high-resolution ultrasound machine was used to image the brachial artery in the distal third of the upper arm. Ultrasound parameters were set to optimize longitudinal, B-mode images of the lumen/arterial wall interface. Continuous Doppler velocity assessment was obtained simultaneously and was collected using the lowest possible insonation angle (always Ͻ60°), which did not vary during each study (26) . After a resting period of at least 20 min, 1 min of baseline recording of the brachial artery diameter and velocity was performed. Subsequently, the occlusion cuff was inflated to Ͼ200 mmHg for 5 min. Brachial artery diameter and velocity recording were restarted at least 30 s before cuff deflation and continued at least 3 min after deflation. Peak artery diameter and flow, and the time to reach this peak after cuff deflation, were recorded.
Brachial artery diameter and blood flow. Posttest analysis of the brachial artery diameter was performed using custom-designed edgedetection and wall-tracking software, which is independent of investigator bias (39) . Briefly, the echo Doppler signal was real-time encoded and stored as a digital file when using the Terason ultrasound machine. When the Aspen machine was used, the video signal was taken directly from the ultrasound machine and, using an IMAQ-PCI-1407 card, was encoded and stored as a digital DICOM file on a personal computer. In both situations, a subsequent software analysis of the data was performed at 30 Hz using an icon-based graphical programming language and toolkit (LabVIEW 6.02; National Instruments, Austin, TX). The initial phase of image analysis involved the identification of regions of interest (ROI) on the first frame of every individual study.
These ROI allowed automated calibration for diameters on the B-mode image and velocities on the Doppler strip. An ROI was drawn around the optimal area of the B-mode image, and within this ROI a pixel-density algorithm automatically identified the angle-corrected near-and far-wall e-lines for every pixel column within the ROI. The algorithm begins by dividing the ROI into an upper half, containing the near-wall lumen-intima interface, and a lower half containing the far-wall interfaces. The near-wall intimal edge is identified by a Rake routine that scans from the bottom to the top of the upper half of the ROI. The position of the edge is established by determining the point where the pixel intensity changes most rapidly. Typical B-mode ROI, therefore, contained ϳ200 -300 diameter measures/frame, the average of which was calculated and stored. This process occurred at 30 frames/s. A final ROI was drawn around the Doppler waveform and automatically detected the peak of the waveform. The mean diameter measure derived from within the B-mode ROI (above) was synchronized with the velocity measure derived from the Doppler ROI at 30 Hz. Ultimately, from this synchronized diameter and velocity data, blood flow [the product of cross-sectional area and Doppler velocity and shear rate (4 times velocity divided by diameter)] were calculated at 30 Hz. All data were written to file and retrieved for analysis in a custom-designed analysis package. We have shown that the reproducibility of diameter measurements using this semiautomated software is significantly better than manual methods, reduces observer error significantly, and possesses an intraobserver coefficient of variation of 6.7% (39) .
Data analysis. Peak diameter following cuff deflation was automatically detected according to an algorithm that identified the maximum bracket of data subsequent to the performance of a moving window smoothing function. This smoothing routine calculates the median value from 100 consecutive samples before the window shifts to the next bracket of data, which shares 20% overlap with the preceding bracket. The maximum value of all the calculated median values is then automatically detected and chosen to represent the peak of the diameter curve. FMD was calculated as the percent rise of this peak diameter from the preceding baseline diameter.
Baseline diameter and blood flow before, as well as during, cuff inflation were determined from the same B-mode ROI. A time frame of at least 20 s was used to calculate baseline diameter before inflation and during cuff inflation. Baseline diameter before inflation was assessed in the final 30 s before cuff inflation, whereas baseline diameter during inflation data were collected during the final 30 s before cuff deflation. To examine the impact of these different baseline diameters on FMD, we calculated the FMD from an identical peak diameter, but using the baseline diameters before and during cuff inflation.
Statistics. Statistical analyses were performed using SPSS 14.0 (SPSS, Chicago, IL) software. All data are reported as means (SD), and statistical significance was assumed at P Յ 0.05. Paired t-tests were used to examine differences between the two baseline diameters and between the FMD percentages in the different age groups. A two-way ANOVA was performed (group ϫ FMD measurement) to examine whether the impact of the FMD calculation using baseline diameter during or before inflation differed between groups. When a significant interaction was present, post hoc tests were performed with a Bonferroni correction for multiple comparison.
RESULTS
Subject characteristics. Systolic, diastolic, and mean arterial blood pressure and body mass index (BMI) were significantly lower in children compared with adults and older subjects, whereas adults and older men did not differ in blood pressure or BMI (Table 1) . Age, height, and weight were significantly different between the groups (Table 1) .
Preinflation versus inflation brachial diameter by age group. When data were clustered for all groups, brachial artery baseline diameter during inflation of the cuff was significantly higher than the baseline collected before cuff inflation (Table 2) . Within individual groups, children and adults demonstrated a significant increase in diameter during cuff inflation compared with the preinflation baseline diameter (Table 2 ). In contrast, older subjects exhibited no difference between the brachial artery baseline diameters ( Table 2) . Data are means Ϯ SD; n, no. of participants/group. Participants were divided into three groups: children, adults, and older subjects. *Post hoc significant from other groups at P Ͻ 0.05.
FMD calculation using preinflation versus inflation brachial diameter by age group. When the FMD response using diameters during inflation was calculated, a significantly lower FMD response was evident in children and adults when the cuff inflation baseline diameter was used (Fig. 1) . In contrast, baseline diameters did not alter FMD in older adults (Fig. 1) . The two-way ANOVA calculated between young and older adults revealed a significant interaction (P ϭ 0.05). This indicates that the method used to calculate FMD has a different impact in young versus older adults; young adults had a lower FMD response when diamteter during inflation was used, whereas there was no difference in FMD in older adults using both methods (Fig. 1) .
DISCUSSION
This is the first study, to our knowledge, that has directly examined the impact of the two commonly used methods of baseline brachial artery diameter assessment to calculate FMD responses. We observed that the brachial artery during cuff inflation is significantly larger than before inflation. Consequently, a significantly lower FMD was evident when this larger cuff inflation diameter was used to calculate the FMD. More importantly, the impact of cuff inflation on the baseline diameter was found to be group specific. Although we found a significant increase in diameter during cuff inflation in children and healthy younger adults, no differences were reported for the older subjects. The impact of cuff occlusion on brachial artery diameter is, therefore, age dependent. This resulted in a significant impact of baseline selection on FMD in children and younger adults but had no effect in older individuals. Taken together, these observations indicate the method chosen to calculate baseline diameter importantly impacts upon comparisons undertaken between groups. This finding has implications for future studies using the FMD technique where groups are compared or individuals undergo interventions that may affect baseline diameters.
Thousands of articles have reported the use of FMD as an outcome measure, but optimal methodological approaches continue to evolve. Although attempts have been made to standardize some aspects of the methodology (5), these have ignored important issues that may impact upon the validity and interpretation of FMD measurements. For example, recent attention has focused on characterizing and normalizing FMD responses for their eliciting shear stress or shear rate stimulus (27, 29, 30) . Other studies have reported important impacts on the interpretation of FMD findings according to the method used to identify the peak diameter following cuff deflation (2) . Although baseline diameter importantly contributes to the calculation of the FMD, this study is the first, to our knowledge, to consider the impact of using different approaches to baseline assessment. In marked contrast to our hypothesis, cuff inflation resulted in a small, but significant, increase in brachial artery diameter, which impacts significantly on the calculation of FMD. The increase in brachial artery diameter during cuff inflation is not due to the accumulation of ischemic metabolites, since the artery is scanned above the cuff location. Given that shear stress on the endothelium is a potent vasodilator stimulus (15) , it is possible that cuff inflation increases diameter via a rise in shear stress during cuff inflation. However, previous studies have reported lower brachial artery shear rates during cuff inflation (1, 7), so this is unlikely to explain the increase in diameter that we observed. Other possibilities likely include local arterial pressure changes immediately proximal to the occluding cuff, influencing brachial diameter, and a recent review has suggested that transmural pressure gradients induce changes in vasodilator function (16) . Finally, cuff inflation may also alter diameter measurements as a consequence of local tissue displacement, which influence the image quality.
Our findings indicate that the change in diameter during cuff inflation is age dependent since the brachial artery diameter increased during cuff inflation in children and adults but not in older subjects. At first glance, the finding contrasts with that of Parker and coworkers (23, 24) , who did not report a significant difference between preinflation and inflation baseline data. However, although not significant, young women reported a larger diameter during inflation compared with preinflation (ϩ0.08 mm) (23), a value that corresponds with that observed in the current study in young individuals (ϩ0.10 mm). Both the Data are means Ϯ SD; n, no. of participants/group. Average diameter before inflation (Dpreinfl) and during cuff inflation (Dinfl) and the consequent flow-mediated dilation (FMD) response using the baseline diameter before FMD Dpreinfl or during FMD Dinfl presented for all subjects (n ϭ 98) and in three groups: children (n ϭ 45), adults (n ϭ 31), and older subjects (n ϭ 22). Shear rate area under the curve (AUC) peak diameter is presented as being the most appropriate eliciting stimulus for the FMD response (Ref. 29 ) for all subjects (n ϭ 91), children (n ϭ 44), adults (n ϭ 25), and older subjects (n ϭ 22). P values represent a paired t-test. *Significantly different from young and older adults (unpaired t-test) . Fig. 1 . Brachial artery flow-mediated dilation (FMD; presented as percent change from baseline diameter) in children (n ϭ 45), adults (n ϭ 31), and older subjects (n ϭ 22). The FMD is calculated using the diameter before (black bars) and during (white bars) cuff inflation. *Significantly different between FMD calculation using the diameter before or during cuff inflation at P Ͻ 0.05 (paired t-test). Error bars represent SE. present study and that of Parker et al. (23) demonstrated similarly diminished effects of cuff inflation on brachial diameter in older (ϩ0.02 mm) compared with younger (ϩ0.08 -0.10 mm) individuals. The absence of significant differences in this previous study might therefore relate to the relatively small numbers studied (n ϭ 14 -16). The results of Parker et al. (23) therefore essentially reinforce our findings of an age-dependent effect of cuff inflation on baseline brachial artery diameter. We suggest that such differences can importantly impact upon the interpretation of studies that compare disparate groups.
The age-dependent effect on the response of the brachial artery diameter to cuff inflation might be explained by changes in arterial wall characteristics, which accompany age. For example, the age-related increase in arterial stiffness, commonly reported when cross-sectional comparison is made between age groups (17, 32, 33) , could explain the smaller response to cuff inflation in these individuals. Increased stiffness of the vessel would likely result in less reactivity to any given stimulus, including small changes in pressure or tissue translocation. Another possible explanation for the lack of response in diameter with age relates to the attenuation in endothelial function (6, 31) . Taken in the context of these studies, our findings suggest that differences in arterial wall characteristics with age likely impact the diameter change we observed in response to cuff inflation.
In a recent paper, Gori et al. (11) reported a decrease in the radial artery diameter when examining this conduit artery within the ischemic zone during cuff inflation and hypothesized that this response is related to vascular health, since constriction is attenuated using the endothelium-derived hyperpolarizing factor inhibition. Although this study (11) and our results both examined diameter changes in a low-flow state, we observed an increase, whereas Gori et al. (11) reported a decrease in diameter. Differences in methodology (diameter assessment within and above the ischemic zone) likely explain the differences between these studies, since relative placements of the cuff and probe will impact upon the contribution of metabolite build-up and transmural pressures. Gori et al. (11) observed an impaired constricting response in smokers, hypertensives, and subjects with coronary disease, suggesting the presence of impaired vasoactive function in subjects at increased cardiovascular risk. In keeping with these results, we observed no dilating response in older subjects, a group also at increased cardiovascular risk. Taken together, these studies suggest that the arteries of subjects with cardiovascular disease risk factors are less sensitive to physiological stimuli. The clinical relevance and utility of the assessment of proximal and distal cuff inflation effects on artery diameter remains largely unexplored, and basic physiological mechanistic studies before their widespread adoption to this end are needed.
The age-specific changes in baseline diameters we observed have widespread consequences for the calculation of the FMD response. When the diameter before cuff inflation was used, an age-dependent gradual decrease in brachial artery FMD response was evident in our data set. This finding is in agreement with several previous studies using the noninvasive FMD technique (2) or intrabrachial infusion of vasoactive substances in animals (4) and humans (6, 9, 31, 35) . In marked contrast, when the diameter during cuff inflation was used, FMD responses in older adults were greater than those we observed in younger adults; that is, the generally accepted age-dependent decline in endothelial function was not apparent when the cuff inflation baseline diameter was used. Despite identical peak FMD diameters being used in both calculations, the differences in baseline diameter impacted on the interpretation of agerelated changes in endothelial function. These unexpected findings highlight the importance of choosing an appropriate and consistent baseline diameter in FMD studies to reduce the variability of FMD measurements between studies. The recent study of Gori et al. (11) , which also reported altered arterial diameters in response to cuff inflation, reinforces this suggestion.
Limitations. Assessment of arterial dilation in response to ischemic stimuli is a valuable and frequently applied technique to examine conduit artery function and health. Our findings, however, specifically relate to a 5-min ischemic stimulus where the occluding cuff was placed distal to the ultrasound probe. Previous evidence suggests that this methodology results in flow-mediated dilator responses, which are largely NO dependent. Our findings cannot be generalized to protocols that examine the artery within the ischemic zone or using ischemic stimuli exceeding 5 min.
In conclusion, we found that the two commonly utilized approaches for assessment of baseline arterial diameter result in significant differences in calculated FMD and the interpretation of group differences in artery function. We suggest that using the baseline diameter prior to cuff inflation for FMD studies will make comparisons to prior work more valid, since most of these studies have used this baseline. The FMD percentage reported using the predeflation diameter may also be more valid because it may reduce confounding of this measurement by age and others risk factors and because it has the potential to reduce any direct effects of cuff inflation on FMD measures.
